Background/Aims: Cytotoxic effect of attenuated Leishmania on liver cancer cells by inducing ROS generation. Methods: Spectrophotometric study to analyze cell death and levels of different active caspases. Flow cytometric study was done to analyze apoptosis induction and ROS generation and levels of different protein. Western blot analysis was performed to study the levels of protein. Confocal microscopy was done to ascertain the expression of different apoptotic markers. Results: We have now observed that attenuated Leishmania donovani UR6 also has potentiality towards growth inhibition of HepG2 cells and investigated the mechanism of action. The effect is associated with increased DNA fragmentation, rise in number of annexinV positive cells, and cell cycle arrest at G1 phase. The detection of unregulated levels of active PARP, cleaved caspases 3 and 9, cytosolic cytochrome C, Bax, and Bad, along with the observed downregulation of Bcl-2 and loss of mitochondrial membrane potential suggested the involvement of mitochondrial pathway. Enhanced ROS and p53 levels regulate the apoptosis of HepG2 cells. NAC was found to inhibit p53 production but PFT-α has no effect on ROS generation. In conclusion, Leishmania donovani UR6 efficiently induces apoptosis in HepG2 cells through ROS mediated p53 dependent mitochondrial pathway. Conclusion: It has been reported earlier that some parasites show prominent cytotoxic effect and prevent tumor growth. From our study we found that Leishmania donovani UR6 efficiently induced apoptosis in HepG2 cells through ROS mediated p53 dependent mitochondrial pathway. This study has rejuvenated the age old idea of bio-therapy.
Culture of Leishmania donovani
Attenuated Leishmania strain (MHOM/IN/1978/UR6), originally isolated from an Indian Kala-azar patient and grown and maintained in modified Ray's medium since long in Indian Institute of Chemical Biology, was subcultured at 72 h intervals [17] and stored in PBS at -20°C for overnight. The cells were counted by haemocytometer and were heat killed at 80°C and sonicated for 3 mins at 12 kHz by probe sonicator Q125, QSonics. Heat killed attenuated Leishmania donovani cells were added to mammalian cell culture in quantities to make final concentration of cells as per requirement.
Cell viability assay
Cell viability was assayed by MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] [18] . 5 × 10 3 cells were plated in each well of 96 well plate in triplicate, treated with and without UR6 at varying concentration ranging from 0 -10 9 cells/ml of media for 0 -48 h, and treated with 20 µl of 5 mg/ml MTT stock solution. After incubation for 4 h at 37°C the formazan crystals were made soluble by isopropanol and the color was measured at 595 nm using an ELISA reader (Model: Emax, Molecular device, USA).
Assessment of cell morphology
Six-well tissue culture plates or 35 mm dishes were seeded with cells (3 × 10 4 /well), which were grown to 75% confluency and treated with varying concentration of UR6 for 0 -48 h. The cells were observed under inverted phase contrast microscope (Model: OLYMPUS IX 70, Olympus Optical Co. Ltd., Shibuya-ku, Tokyo, Japan) and photographs were taken with a digital camera (Olympus, Inc. Japan).
Fluorescence microscopy
Chromatin condensation and nuclear damage due to UR6 addition was assayed by fluorescence microscopy. Treated and untreated cells were stained with 10 µg/ml of DAPI and observed under fluorescence microscope (Model: OLYMPUS IX70, Olympus Optical Co. Ltd., Shibuya-ku, Tokyo, Japan) with excitation at 359 nm and emission at 461 nm. Acridine orange (50 µg/ml) and Ethidium bromide (50 µg/ ml) stainings were done to distinguish between live, apoptotic and necrotic cells [19] and the stained cells were observed under fluorescence microscope with excitation at 488 nm and emission at 550 nm.
Quantification of apoptotic cell death
AnnexinV-FITC Apoptosis detection kit (Calbiochem, Germany) was used to detect apoptosis. Treated and untreated cells were stained with FITC coupled Annexin V and PI as per instruction. Stained cells (10 4 ) were analyzed by BD LSR Fortessa cell analyzer. Apoptosis was detected spectrophotometrically by using an ELISA based detection system (Cell Death Detection ELISA11544675001 of Roche Molecular Biochemicals (Mannheim, Germany).
Cell cycle arrest assay
Treated and untreated cells were harvested and resuspended in 50 µl cold PBS. These were treated with 70% pre-chilled methanol, incubated at -20°C, and washed with cold PBS. Then RNase was added, incubated for 30 min, treated with propidium iodide [20] , and analyzed by FACSCalibur instrument (BD Biosciences, San Jose, CA).
Assay for Caspases
ELISA based colorimetric assay kit was used to assay caspase-3 and caspase-9 (Santa Cruz Biotechnology) as per the manufacturer's protocol.
Western blot analysis
Western blot analysis was performed with minor modification of [21] . Thus 40 µg of proteins isolated from both treated and untreated cells were electrophoretically separated in SDS-polyacrylamide gel and transferred to PVDF membrane (Immobilon-P, Millipore Corporation, Bedford, MA, USA) by using semidry trans-blot system (Transblot SD: Semidry transfer cell; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Membranes were blocked with BSA or non-fat dry milk and incubated with primary antibodies overnight. After extensive washing the membranes were incubated with AP or HRP conjugated secondary antibodies. Immuno-reactive bands were visualized by adding proper substrates. β-Actin and Lamin A were used as loading controls.
Measurement of mitochondrial membrane potential
Rhodamine 123 was used to assay mitochondrial membrane potential (MMP). Treated and untreated cells were washed with PBS and incubated with Rhodamine 123 (5 μg/ml) in the dark for 15 min at 37°C and fluorescence was checked by a spectrofluorometer (LS50B; Perkin Elmer) using fluorescence wave length of 535 nm [22] .
Measurement of ROS generation
DCF-DA was used to estimate ROS generation. Treated and untreated cells were washed with PBS, treated with 10 mM DCF-DA, and incubated at 37°C for 15 min [23] . Increasing concentration of NAC, a inhibitor of ROS production, was added to HepG2 cells treated with 2 × 10 7 UR6 cells/ml of media. DCF-DA is cleaved by ROS to produce the fluorescent 2′, 7′-dichlorofluorescein (DCF), which was analysed by FACSCalibur flowcytometry (Becton Dickinson, San Jose, CA, USA) with excitation at 480 mm and emission at 515 nm.
Measurement of Calcium release
Both treated and untreated cells were harvested, washed twice with PBS, treated with FURA 2 AM (Molecular Probes) as specified by the manufacturer, and incubated for 45 min at 37°C. The cells were washed with PBS, resuspended in fresh PBS, and analyzed at an excitation wave length of 380 nm and an emission wave length of 510 nm using a flow cytometer of Becton Dickinson (San Jose, CA, USA).
Immunocytochemistry Study
For immunocytochemistry, treated and untreated cells in cover slips were washed with PBS and fixed by 4% paraformaldehyde. Fixed cells were permeabilized by treating with 0.2% Tween20 in a blocking solution containing 2% BSA at room temperature for 20 min [24] . Cells in the cover slips were stained with primary antibodies [viz. rabbit anti p53-p392 (Cell signaling), gp91 (Santa Cruz), p53-p46 (Cell signaling), mouse anti p53 (Santa Cruz), p21 (Cell signaling), Bax (Santa Cruz), and cytochrome C (Santa Cruz) polyclonal antibody] at concentration 1:150, and washed with washing buffer. Then TRITC and FITC conjugated secondary antibodies at concentration 1:300 were added to it. Secondary antibodies are washed and fixed in the glass slide. The mitochondria were stained with Mito tracker (Life Technologies) as per manufacturer's instructions. DAPI was used to counterstain the genomic DNA and imaging was done using Nikon Eclipse C1 confocal microscope and Andor Spinning Disc Confocal microscope.
Intracellular marker staining for flow cytometric study
For intracellular marker staining, the cells were washed with 1% v/v FBS-PBS (staining buffer) and fixed in 4% w/v paraformaldehyde (20 min at 4°C). Cells were washed with PBS, permeablised by 0.1% saponin in PBS, and incubated with p53-p46 (Cell signaling), cleaved PARP (Cell signaling), or p53-p392 (Cell signaling) and p53 (Santa Cruz) specific primary antibodies for 1 h at 4°C [23] . Fluorophore tagged secondary antibodies were added and incubated for 45 min at 4°C. After adding 10 mM DCF-DA solution, it was resuspended in 1 ml PBS and analyzed by FACSCalibur flowcytometry (Becton Dickinson, San Jose, CA, USA).
Statistical analysis
Values reported were mean ± SE and the statistical significance was determined by Student's t test.
Results

Cytotoxic effect of Leishmania donovani UR6
HepG2 cell line was treated with UR6 at concentrations ranging from 0 to 10 9 cells/ml of media for 0 -48 h (Fig. 1A) to find that the IC 50 value for 24 h lies within 10 7 cells/ml of media. To specify the optimum concentration, different doses ranging from 1 × 10 7 to 8 × 10 7 cells/ml of media were also analyzed ( Fig. 1B ) and from this a specific dose of 4 × 10 7 cells/ ml of media was selected as optimum for 24 h. At this dose, 65% cell death was observed within 24 h. Leishmania major, shown by Hedayatollah et al. [16] to have no cytotoxicity on Cellular Physiology and Biochemistry fibrosarcoma and used as negative control, showed minimum cytotoxicity on HepG2 cells (Fig. 1C ). UR6 was also found to induce apoptosis cytotoxicity on HCT116, A549 and A375 cells (Fig. 1C) . However, it showed minimum cytotoxicity against normal WBC isolated from blood (p < 0.05). When HepG2 cells were treated with 2 × 10 7 UR6 cells/ml of media for 0, 12, 24 and 48 h on and stained with either Acridine orange-EtBr or DAPI, there were significant changes in the morphology of the cells (Fig. 1D) . With increasing time, cells appeared rounded with fragmented nuclei as evident from DAPI staining. Doxorubicin induced apoptosis in HepG2 cells.
Leishmania donovani UR6 enhances Annexin V positive cells population in HepG2 cells
with cell cycle arrest at G1 phase Phosphatidyl serine (PS) exposure in the outer membrane of HepG2 cells, which occurs during the initial phase of apoptosis, was measured in time dependent manner (from 0 to 48 h) by flow cytometric analysis of the UR6 treated HepG2 cells using Annexin V-FITC. This showed that the total percentage of Annexin V negative cells decreased with time and the total number of apoptotic cells increased compared to control. This study confirms that UR6 induces apoptosis in HepG2 cells ( Fig. 2A) . Doxorubicin used as a positive control (data not shown).
It is known that cells are arrested at any phase of the cycle and are finally destined for death when any un-repairable damage occurs to them as they are passing through the cell cycle. The status of cell cycle arrest by UR6 on HepG2 cells was therefore monitored by flow cytometric analysis using PI. Incubation of 4 × 10 7 cells/ml of media for 0 -48 h showed increasing number of cells at G1 phase. This study indicated that UR6 induces apoptosis of All the experiments were done in triplicate and are reported as the mean ± SD of triplicate experiments (* P < 0.05, ** P < 0.01, *** P < 0.001).
HepG2 cells probably through cell cycle arrest at G1 phase (Fig. 2B) . The status of different cell cycle regulatory proteins were then studied (Fig. 5H ). Cyclins D1, D2 and E were found to be down-regulated, accompanied by suppression of phosphorylation of retinoblastoma protein. This change in cell cycle regulatory proteins indicates that cell cycle arrest at G1 induced apoptosis of HepG2 cells by UR6.
Quantification of DNA fragmentation UR6 was found to increase DNA fragmentation in HepG2 cell lines in a concentrationdependent manner (Fig. 2C) . Performing a quantitative analysis, significant effect was observed after 24 h of incubation which increased up to 48 h (p < 0.05) (Fig. 2D) .
UR6 induced apoptosis in HepG2 cells involves mitochondrial pathway
Apoptosis normally involves intrinsic (mitochondrial) or extrinsic pathway or both. To test for the involvement of mitochondrial pathway, levels of Bax, cleaved caspases 9 and 3, anti-apoptotic Bcl-2, and cleaved PARP were determined (Fig. 3A) . Colorimetric assay revealed increase in levels of caspases 3 and 9 with increasing concentrations of UR6 (Fig.  3B) (p < 0.05). To confirm the role of caspases in UR6 induced apoptosis of HepG2 cells, the percent cell death in presence of the caspase inhibitors was examined. Addition of Z-DEVD-FMK and Z-LEHD-FMK 1 hr prior to UR6 challenge lowered the cytotoxicity. Incubation of 4 × 10 7 cells/ml of media for 24 h decreased cell viability, and this effect was inhibited in the presence of the specific caspase inhibitors (Fig. 3C) (p < 0.05). 7 cells/ml of UR6 for 0, 6, 12 and 24 h. The graphical presentation shows the increase in mean fluorescence. All the experiments were done in triplicate and are reported as the mean ± SD of triplicate experiments (* P < 0.05, ** P < 0.01, *** P < 0.001). 
Quantification of mitochondrial membrane potential and release of calcium and cytochrome C in the cytosol
Cytotoxicity of UR6 on HepG2 cells was also confirmed by measuring the loss of mitochondrial membrane potential (Fig. 3D ) and the release of cytochrome C in the cytosol (Fig. 3E) , and this was confirmed by confocal images (Fig. 3F) (p < 0.05). Apoptosis was marked with increased concentration of Bax in the cytoplasm. UR6 also upregulated Bax in the cytoplasm as evident from the immuno-cytochemistry study (Fig. 3G) .
FURA2 binds to free calcium and gives fluorescence at 355 -360 nm. Flow cytometric analysis revealed that the level of free calcium increased with time from 0-24 h following incubation with UR6 (Fig. 3H) . 7 cells/ml of UR6 as analysed by western blotting and the band intensities was measured by Photoshop CS3 and mentioned below each band (AU). All the experiments were done in triplicate and are reported as the mean ± SD of triplicate experiments (* P < 0.05, ** P < 0.01, *** P < 0.001).
UR6 induces apoptosis by ROS generation
Reactive oxygen species (ROS) plays a key role in inducing apoptosis. Indeed flow cytometric analysis proved that increasing concentration of UR6 boosted ROS production in HepG2 cells and thus induced apoptosis. It is known that NAC positively inhibits ROS generation and this is evident from Fig. 4A . HepG2 cells that are pretreated with NAC 1 h prior to UR6 treatment showed considerably less ROS positive cells. Excess ROS production is associated with DNA damage and subsequent cell death. UR6 produces ROS that causes DNA damage. On NAC treatment DNA damage and cellular cytotoxicity were almost same as that of UR6 untreated cells. This reveals that UR6 induces ROS generation that is responsible for DNA damage and in turn induces cell death (Fig. 4B, 4C ) (p < 0.05).
On the other hand, Gp91 is considered as responsible for ROS production. Gp91 is a constituent of cytochrome b558, which is essential for NADPH activity. The assembled 7 cells/ml of UR6 for 24 h. The band intensities were measured by Photoshop CS3 and mentioned below each band (AU). All the experiments were done in triplicate and are reported as the mean ± SD of triplicate experiments (* P < 0.05, ** P < 0.01, *** P < 0.001).
cells, while it was found to induce apoptosis in HCT116 cells for 24 h as evident from annexinV binding study (data not shown). Microscopic study after UR6 treatment showed the up-regulation of p53 and p53 phosphorylated at serine 392 (Fig. 5D) , and of increased ser46 phosphorylation of p53, which is associated oxidative stress (Fig. 5E) .
Protein p53 acts as a transcription factor and transcribes many genes including p21 which arrests cell cycle at G1 phase. UR6 was observed to up-regulate p21 as evident from microscopic studies (Fig. 5F ) and western blot analysis (Fig. 5G ). Cells pretreated with PFT-α, which is known to inhibit p53 upregulation, showed lesser amounts of Bax, cytosolic cytochrome C, cleaved caspases 3 and 9 and cleaved PARP, and increased amount of Bcl 2 (Fig. 6A) . Increasing concentration of NAC was also found to inhibit p53 expression (Fig. 6B) . Though PFT-α and NAC were found to prevent mitochondrial membrane potential loss caused by UR6 (Fig. 6C) , pretreatment of cells with PFT-α did not have any effect on ROS generation. Flowcytometric study proved that this causes minimal or no change in ROS production (Fig. 6D) , which clearly indicates that p53 is activated downstream of ROS production.
UR6 mediates cell death through ROS dependent p53 mediated mitochondrial pathway
ROS production is associated with p53 activation and PARP cleavage
To study the involvement of ROS in activation of different molecules and in cell death, flow cytometric study was performed. DCF positive cells were selected and gated, and observed for different markers of apoptosis. UR6 treatment was found to increase the DCF positive (ROS positive) population. The selected population showed higher percentages of cleaved PARP, native p53, p53-pS46 and p53-pS392 ( Fig. 7A and 7B) . Cleavage of PARP is regarded as one of the positive markers of apoptosis. Thus this study revealed that UR6 induced oxidative stress, which in turn induced cell death via apoptosis.
Discussion
From the findings of these experiments, it is clear that heat killed Leishmania donovani UR6 decreases proliferation of HepG2 cells and increases cell death. The modus operandi behind this is programmed cell death, which is by far a safer mechanism of cell death in a living body from the system perspective. There are reports that few protozoa interfere with cancer cell growth or kill cancer cells by direct or indirect mechanisms [4-9, 16, 26] . Destroyed Typanosoma cruzi preparation was also shown to bring about cell death in neuroblastoma cells [27] where immune mechanism didnot play a role; instead direct selective effects of both trypanosomes and their preparations were demonstrated.
Cancer has been shown to weaken the immune system and approaches have been made to augment the immune response against cancer [28, 29] . Parasites like Plasmodium or antigens from T. gondi and T. canis had also been tried to provoke immune response against tumor model of mice with success [6, 30, 31] . But reports on direct killing of cancer cells by protozoa are limited [5, 8, 26] , particularly concerning those taking place following the path of apoptosis [26] . We have now succeeded in demonstrating that attenuated L. donovani causes apoptosis by p53 mediated pathway, in accordance with the hygiene theory [32, 33] .
To confirm that the mode of cell death is indeed apoptosis, classical apoptotic features of HepG2 cells were examined, for which morphological (fluorescence microscopy) and annexin V-FITC/PI-flow cytometry analysis were carried out. The classical apoptotic morphology of nuclear chromatin condensation and fragmentation was noted in HepG2 cells treated with heat killed Leishmania donovani UR6 (Fig. 1C and 2C, D) . Apoptosis in HepG2 cells was thereby found to be mediated via the intrinsic pathway, where loss of mitochondrial membrane potential, increased release of cytochrome C in cytosol, activation of some proapoptotic molecules (Bax, cleaved caspase 9, caspase 3, and PARP), and down regulation of Bcl-2 happened in a dose dependent manner. Study of Ca 2+ release showed increased release with time. We also carried out experiments to determine the role of caspases in the induction of apoptosis in HepG2 cells and found that inhibition of caspase 9 hampers cell death.
The detection of change in MMP level led us to investigate the possibility of apoptotic cell death occurring via ROS generation. Heat killed Leishmania donovani UR6 induced ROS mediated DNA fragmentation and cell death which was proved using NAC as an inhibitor of ROS. Next we carried out experiments to determine the involvement of p53, a tumor suppressor protein which is also a redox active transcription factor. Cellular ROS production is central to redox signaling and ROS can function as signaling molecule or cellular toxicant. Studies have revealed that p53 concentration, distribution and phosphorylation at various sites have distinguishable cellular functions. ROS acts as an upstream signal that activates p53 and as a downstream factor that mediates apoptosis [34, 35] . We found upregulation and nuclear localization of native p53, p-ser46 p53 and p-ser392 p53 upon addition of UR6. Phosphorylation of p53 at Ser392 is increased in human tumors [36] and has been reported to influence the growth suppressor function, DNA binding and transcriptional activation of p53 [37] [38] [39] , which regulates the ability of p53 to induce apoptosis [40] . To find out whether p53 induction by UR6 is under ROS surveillance or not, we checked p53 and ROS levels under NAC and PFT-α intervention. It was found that p53 is not critical for UR6 induced ROS generation (Fig. 6 ), but application of UR6 following NAC treatment significantly downregulated p53.
At physiological level p53 plays a minimal but vital role to contain ROS at nontoxic levels by maintaining basal transcription of several antioxidant proteins [41, 42] . But during overexpression, the hyperphysiological level of p53 regulates transcription of pro-oxidant genes including BAX. BAX may uncouple mitochondria resulting in loss of MMP, ROS being generated from a less efficient Electron transport chain [42] . So p53 and ROS plays a very crutial role in mitochondrial damage that leads to Ca2+ release in the cytosol and finally apoptosis induction in cancer cells [43] [44] [45] . A probable mechanism of apoptosis induction is schematically represented in Fig. 8 .
UR6 also showed cytotoxic effect on three cancer cell lines, namely, HCT116, A549 and A375. While cytotoxic potential of T. cruzi has been reported earlier [27, 46] , there seems to be no published evidence of apoptosis inducing potential of L. donovani, another trypanosoma. Rather anticancer drugs have been shown to have anti leishmanial activity [47] . Cruzin penetration was proved to be the mechanism behind the anticancer effect of trypanosoma on cancer cells [48] and disturbances in cellular respiration in malignant cell [48] [49] [50] [51] . Recent research work also relates another trypanosoma to cancer biotherapy. An antioncogene (von Hippel-Lindau tumor suppressor gene) of human has been shown to have 40% identity with a surface protein of T. brucei [52] . Though the key factor behind the apoptosis inducing property of attenuated L. donovani UR6 remains to be identified, the present findings have brightened the possibility of trypanosomatid mediated anticancer therapy and showed that there may be molecular and genetic basis behind this phenomenon.
There are also some reports about different microbial components showing anti-cancer potential in a wide array of cancer cells and Azurin, a membrane bound protein is one such example that is already reported as a anticancer drug and right now in clinical trials [53] . Our study is also a preliminary attempt and in future it can lead to identification of new cellular components like membrane lipo-proteins that can have a potential anti-cancer activity.
Bio-therapy against cancer is a notion generated long ago. But since then only the anticancer effect of Trypanosome cruzi has been reported. Though recent research had shown that von Hippel-Linadu tumor suppressor protein has 40% identity with a surface protein of T. cruzi, L. major has not been reported to have any anti-cancer property. In that scenario the discovery of cytotoxic potential of attenuated L. donovani UR6 would provide an impetus to the idea of biotherapy. Though the key stimulus behind initiation of the apoptotic cascade is yet to be explored, it seems that L. donovani, similar to trypanosome, modulates cellular respiration to bring about ROS production that induces p53 up-regulation, G1 arrest and subsequent apoptosis of cancer cells mediated by the mitochondrial pathway. The present findings of cytotoxic potential of UR6 would provide fillip to biotherapeutic treatments of cancer.
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